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Due to the large surface atom fractions and nanoscale sizes, clusters exhibit novel and distinguishing electronic, mechanical, optical, and thermal properties compared to bulk materials. For example, the thermal properties of clusters have been studied by various thermodynamic models, 1-9 molecular dynamics ͑MD͒ simulations [10] [11] [12] and experiment. 2, 5, [13] [14] [15] [16] [17] The phase equilibrium of nanoparticles has been studied theoretically for almost a century, 18, 19 and the first experimental investigations were conducted more than 50 years ago. 20 Thermodynamic models of nanoparticle melting include the homogeneous melting model with a liquid layer, 5 the liquid-layer melting model, 6, 7 the liquid nucleation and growth model with an unstable liquid layer, 8, 9 liquid drop model, 1 and surface-phonon instability model. 3 All of these models assume spherical particles with homogeneous surfaces, and yield a linear or almost linear decreasing melting point with increasing inverse cluster diameter:
where T m and T mB are the melting points of the cluster and bulk, respectively, D is the diameter of the cluster, t is the critical thickness of the surface liquid layer, and ␣ and ␤ are parameters whose values depend on the particular model. It is important to note that Eq. ͑1͒ is derived for free clusters. In particular, no account is taken for substrate effects on the particle shape ͑assumed to be spherical͒, the particle surface ͑assumed to be homogeneous͒, and on the parameters ␣ and ␤ ͑based only on the cluster's chemical properties͒. Surprisingly, Eq. ͑1͒-where ␣ and ␤ can still be based on the free cluster properties-also provides a good fit for almost all available experimental data, which are usually obtained from supported clusters. Since substrate-particle adhesion strengths are expected to change both the cluster melting points and the key assumptions of the models discussed above, it is surprising that experimental results fit well to these models.
In this letter we present results from MD simulations of free and supported iron clusters for a wide range of substratecluster adhesion strengths and cluster sizes. These simulations confirm that increasing substrate-cluster adhesion strength increases the cluster melting point, and explain why Eq. ͑1͒ provides a good fit for experimental data in spite of the fact that the models are based on chemical data of free clusters. Most importantly, the simulations reveal a method to determine effective diameters of the supported clusters 5, [13] [14] [15] 17 , which is needed for physically consistent use of Eq. ͑1͒ when the substrate-cluster adhesion is strong.
This study focuses on Fe clusters, which can be free ͑floating͒ or supported during carbon nanotube growth, [21] [22] [23] and may change phase during SWNT growth from supported catalysts. 24 A many-body interaction potential, which is based on the second moment approximation of the tight binding model, 25, 26 is used for the Fe-Fe interactions, with parameters from Ref. 27 . A Lennard-Jones 9/3 potential was used to describe the interactions between the Fe atoms and an idealized smooth, flat substrate:
͑2͒
The parameter = 0.3 nm was kept constant, and the well depth, , which is the parameter that dominates the substratecluster adhesion strength, was varied from 0.1 to 0.6 eV to cover a wide range of substrate-induced cluster shapes.
The structural and dynamic changes during the melting of the Fe N clusters was studied by constant temperature MD using the Berendsen scaling method 28 and an integration time step of 3 fs. N Fe atoms were randomly placed in a spherical cluster before annealing to the initial sturcture.
at every time step the Lindemann index 30 of each atom was calculated:
where ␦ i is the Lindemann index of the ith atom, ͗...͘ T denotes the thermal average at temperature T, and r ij is the distance between the ith and jth atoms. Figure 1 shows the structure of supported liquid Fe 2000 structures for cluster-substrate interaction strengths from = 0.1 to 0.6 eV, and the corresponding caloric curves. The caloric curve for the free cluster ͑ = 0.0 eV͒ is also shown. The supported clusters flatten with increasing Fe-substrate interaction strength, and the melting point-identified as the temperature where there is a dramatic increase in the caloric curves-increases with increasing Fe-substrate interaction strength. The melting point increases from 1280 K for the free cluster to 1420 K when = 0.6 eV. Hence, the simulations confirm that the substrate changes the cluster shape and its melting point.
Thermodynamic models of supported cluster melting that are based on correct physical criteria should thus account for the flattening cluster shape with increasing clustersubstrate interaction strength. In fact, several models include the shape variation of the nanoparticles, but they are not relevant for supported clusters. For example, the melting point has been modeled as a function of surface-to volume ratio, 1, 4 and yields a decreasing melting point with increasing surface area. However, as seen in the MD simulations ͑cf., Fig. 1͒ , when the increase in surface to volume ratio is caused by substrate-induced flattening, the melting point increases.
Due to their lower coordination, cluster surface atoms diffuse more readily than bulk atoms. This leads to the formation of a liquidlike layer or surface melting, 31 which is believed to be key in the melting mechanism.
32,33 Figure 2͑a͒ shows the Lindemann indices of atoms in the free Fe 2000 cluster as a function of their distance from the cluster center of mass. The cluster is at 1260 K, which is slightly below the melting point of 1280 K. It is clear that atoms that are near the surface of the cluster are far more mobile than those in the bulk. The inset highlights those atoms that have a Lindemann index larger than 0.1 and shows that, as assumed in the models of free cluster melting, the surface is homogenous and is liquidlike. Figure 2͑b͒ is the same as 2͑a͒ but for the supported Fe 2000 cluster ͑ = 0.3 eV͒ at 1340 K, 10 K below its melting point. It shows the Lindemann index for each atom as a function of its distance from the center of a sphere that has the same curvature as the cluster ͑illustrated in the figure͒. The surface atoms that are not on the substrate form a liquidlike layer. However, in contrast to the free cluster, the atoms that are in contact with the substrate are not mobile since they are stabilized by the cluster-substrate interactions. The surface of the supported cluster is thus nonhomogenous, with high and low mobility regions.
It is clear from Fig. 2 that, just below their melting points, both free and supported clusters have surface melting. In the latter case this applies to the surface that is not in contact with the substrate. If it is assumed, as is done in most thermodynamic models for free cluster melting, that surface melting precedes bulk melting, then it appears that the free and supported clusters have similar melting mechanisms and, in analogy to free cluster models, the melting point depends on the surface curvature. For supported clusters this refers to the curvature of the surface that is not in contact with the substrate, and that is flattened by the cluster-substrate interaction. This suggests that Eq. ͑1͒ can be used for supported clusters, but where the particle diameter, D, is replaced by an effective diameter, D eff . As illustrated in Figs. 3͑a͒ and 3͑b͒ , D eff is determined from the sphere that has the same curvature as the supported cluster. A major strength of this model is that, when D eff is inserted in Eq. ͑1͒, the t, ␣, and ␤ parameters of the free cluster can be used for a physically meaningful analysis of the supported clusters.
To test the validity of this model, extensive MD simulations were done to obtain melting points of free and supported clusters between N = 150 and N = 10 000, where the ͑a͒ The melting points of free clusters fit well to Eq. ͑1a͒. ͑b͒ The melting points of supported clusters fit well to the same equation when D is replaced by D eff , for all cluster sizes and cluster-substrate interaction strengths. ͑c͒ The data of the free and supported clusters yield the same intercept and slope, showing that free cluster parameters, T mB and ␣, can also be used for the supported cluster when D eff is used.
The results of the simulations and the identification of the effective cluster diameter also enable one to understand why Eq. ͑1͒ provides a good fit to experimental data of supported cluster melting points. Figure 3 illustrates that the cluster diameter, d, that would be measured by electron microscopy, is the same as D eff when the contact angle is more than 90°͑panel a͒ and that it is less than D eff when the contact angle is less than 90°͑panel b͒. In the former case, Eq. ͑1͒ applies since d = D eff is used in the equation ͑together with parameters of the free cluster͒.
In the latter case, d is proportional to D eff and hence a plot of the melting point against d −1 yields a straight line-as expected from Eq. ͑1͒. However, the parameters T mB t, ␣, and ␤ are not the same as those of the free cluster. In order to use Eq. ͑1͒ with the free cluster parameters one needs to determine D eff = ͓͑d /2͒ 2 + h 2 ͔ / h and use this in the equation. In this way, Eq. ͑1͒ is used with physically meaningful parameters.
In conclusion, MD simulations of the melting of free and supported clusters have revealed similarities in their melting mechanisms, and identified a method to determine an effective diameter for supported clusters such that Eq. ͑1͒ can be used in a physically meaningful manner. 
